Geobag retaining wall using construction waste is a new flexible supporting structure, and the usage of construction waste to fill geobags can facilitate the construction recycling. In this paper, model tests were performed on geobag retaining wall using construction waste. The investigation was concentrated on the slope top settlement, the distribution characteristics of the earth pressures on retaining walls and horizontal wall displacements, and slope failure modes. The results indicated that the ultimate loads that the slope tops with retaining walls could bear were 87.5%∼125% higher than that of the slope top without retaining walls. The ultimate loading of strengthened slopes with different slope ratios from 1 : 0.75 to 1 : 0.25 could be reduced by 11.8% to 29.4%. The horizontal displacements of the retaining walls constructed from geobags were distributed in a drum shape, with the greatest horizontal displacements occurring about 1/3∼1/2 of the wall height away from the bottom of the wall. As the slope ratio increased, the failure of the slope soil supported by geobag retaining wall using construction waste changed from sliding to sliding-toppling (dominated by sliding) and then to toppling-sliding (dominated by toppling). The range of 1/3∼1/2 of wall height is the weak part of the retaining walls, which should be strengthened with certain measures during the process of design and construction.
Introduction
A significant part of waste generation is caused by the building and construction industry. This includes building materials such as insulation, nails, electrical wiring, and rebar, as well as waste generated from site preparation such as dredging materials, tree stumps, and rubble [1] . Waste concrete and waste bricks are the primary components of construction waste, the recycling of which has always been an important area studied by domestic and foreign scholars. Waste concrete and waste bricks are referred to as construction waste in this paper.
Geobags are often filled with construction waste to construct gravity retaining walls in order to support slopes. The retaining walls constructed from geobags filled with construction waste are a new flexible supporting structure characterized by easy construction, low costs, and good supporting effects and facilitate the recycling of construction waste [2] . Geobags were used as early as in ancient Egypt and then were applied to water conservancy projects, subgrade engineering, and treatment of soft soil [3] . The amazing bearing capacity of geobags has, however, inspired the development of an earth reinforcement method in which the bearing capacity of soft foundations is enhanced [4, 5] . Geobag technology has been applied in many engineering fields and the relevant studies including model tests [6, 7] and numerical analyses [8, 9] have been conducted. However, there are currently only some projects of retaining walls constructed from geobags, and there is a lack of systematic studies on them. Meanwhile, the materials used to fill geobags are normally sand and rubble [10, 11] .
In recent years, domestic and foreign scholars have conducted extensive studies on construction waste, which have primarily been focused on the applications of waste concrete as recycled aggregate to reinforced concrete structures [12] and roads [13] . However, there have been no reports of studies on the applications of construction waste to retaining walls constructed from geobags.
In this study, waste concrete, a principal component of construction waste, was used as the material to fill geobags to conduct laboratory model tests on the slope with no support and slopes with different slope ratios supported by the retaining walls with different widths constructed from geobags filled with construction waste in order to study the relationship between the vertical settlement of the slope top and the load applied to the slope top, the distribution characteristics of the horizontal displacements of the retaining wall and the earth pressures on the retaining wall, and the failure modes of the slopes, in different cases. The results are expected to provide bases for the design and construction of retaining walls constructed from geobags filled with construction waste.
Model Design and Preparation
The laboratory model tests were based on the principle of similarity theory and dimensional analysis. Prototype slopes with slop ratios of 1 : 0.25, 1 : 0.5, and 1 : 0.75 under the same height of 6 m were selected. The similarity ratios of geometry, load, stress, and soil inner frictional angle for the model slopes to the prototype slopes were determined to be 1 : 4, 1 : 16, 1 : 16, and 1 : 1, respectively. Since gravity and soil cohesion cannot satisfy the similarity ratio strictly, the obtained data of model slopes could not be applied directly to the prototype slopes. Therefore, the model tests in this study can be treated as a "small-scale test [14] ". Although model tests may not be similar to the reality, some regular conclusions can be drawn through qualitative research and contribute to studies on actual projects.
Experimental Materials

Rock Mass Material. The common silty clay in Sichuan
Province was used as the slope soil, whose physical and mechanical parameters were determined by geotechnical tests according to the Specification of Soil Test (S1237-1999) [15] . The physical and mechanical parameters of the slope soil are shown in Table 1 . 
Material Used to Fill
Geobags. Waste concrete aggregate was used to fill the geobags. The particle sizes of the prototype waste concrete crushed using a jaw crusher that offered a maximum particle size of 20 mm were scaled at a geometric similarity ratio of 1 : 4. The contents of the scaled particle sizes remained unchanged. The physical and mechanical parameters of the waste concrete aggregate after particle size scaling are shown in Tables 2 and 3 .
Geobags and Connectors.
The dimensions of the prototype and model geobags were 440 mm × 815 mm and 110 mm × 204 mm, respectively, and the geobags were 80% filled, as shown in Figure 1 . Connectors were produced by the manufacturer and could not be scaled. Therefore, thin pieces of wood and pushpins were used to replace the model connectors. The pushpins were pressed into the wood. The dimensions of the prototype and model connectors were 320 mm × 120 mm × 56 mm and 80 mm × 30 mm × 14 mm, respectively, as shown in Figure 2 . Physical tests were performed on the model waste concrete aggregate, and mechanical tests were performed on the model waste concrete aggregate in bags with and without the model connectors to determine the friction coefficient between the model waste concrete aggregate and model geobags and the friction coefficients between geobags with and without connectors, which were then compared with the physical and mechanical indicators of the prototype waste concrete aggregate, as shown in Table 3 . In it, is soil cohesion and refers to soil inner frictional angle. According to Table 3 , the interfacial shear strength between the geobags filled with construction waste in the model tests was smaller than that between the prototypes filled with construction waste.
Test Tank Design.
The tank with a size of 2.5 m × 1 m × 1.6 m was welded with 50 × 50 × 5 steel angles. Every surface of the tank was ribbed with the same type of steel angles, as shown in Figure 3 (dimensions not marked with a unit were all measured in mm). A movable rib was placed in the middle of the top surface and at the top of the left surface, respectively. The movable ribs were removed when a slope was built. After that, the movable ribs were replaced in order to prevent the tank from moving when a load was applied to the top of the slope. Two sides of the tank were supported by a 25 mm thick board, and another side was supported by a 15 mm thick piece of tempered glass for clear observation, as shown in Figure 3 .
Model Design.
Laboratory tests were performed in the following five cases: a slope with a slope ratio of 1 : 0.5 without reinforcement (Q1), a slope with a slope ratio of 1 : 0.5 supported by a 370 mm wide retaining wall (Q2), a slope with a slope ratio of 1 : 0.5 supported by a 570 mm wide retaining wall (Q3), a slope with a slope ratio of 1 : 0.25 supported by a 370 mm wide retaining wall (Q4), and a slope with a slope ratio of 1 : 0.75 supported by a 370 mm wide retaining wall (Q5). The schematic diagrams of the model slopes are shown in Figure 4 . The slopes were all 1.5 m high.
Layout of Instruments.
Twelve earth pressure cells were placed in the area where the slope and the retaining wall were in contact to measure the horizontal earth pressures acting on the retaining wall. Two dial indicators were placed at the top of the slope to measure its settlement. Two rows of dial indicators (six dial indicators in each row) were distributed over the wall height to measure the horizontal displacements of the retaining wall.
The measuring instruments were placed as shown in Figure 5 . Two measuring instruments were placed at the same height, and the average values of their measured data were used as the final result.
Loading Device.
A uniform load was applied by a steel plate with a size of 1 m × 1 m × 12 mm (length × width × thickness) on the top of each slope. Graduated compression was applied to the top of each slope by a hydraulic jack until the steel plate carried a uniformly distributed load. The next level of loading was not activated until the readings on the earth pressure cells and dial indicators remained constant. The uniform load applied to the top of each slope was treated as the failure load when the amount of settlement of the slope top increased rapidly (the amount of settlement caused by the applied uniform load was greater than twice the amount 4 Advances in Materials Science and Engineering of settlement caused by the previous level of load, and a penetrating deep crack will be generated in the slope) as the applied vertical pressure remained unchanged or decreased. The loading process was ceased, and the test ended when the slope suffered a failure. The vertical loading scheme is shown in Figure 6 .
Analysis of Test Results
The horizontal wall (slope) displacement, slope top settlement, and earth pressure on the retaining wall were measured in five cases (Q1, Q2, Q3, Q4, and Q5). The general Coulomb theory was used to calculate the earth pressures on the retaining wall, which were then compared with the measured values.
Analysis of Slope Deformation in Different Cases with a
Slope Ratio of 1 : 0.5
Analysis of Slope Top Settlement.
At the beginning of loading, the soil was compacted, and the slope top settled with a significant trend of increase in the amount of settlement. As loading continued, the slope top continued to settle with a gradually decreased increase in the amount of settlement due to the compact soil. Constrained by the two sides of the test tank, the slope soil began to press against the retaining wall under the action of the earth pressure, and a small crack appeared in the upper part of the slope. As the load was increased, the crack continued to extend and widen and finally developed into a penetrating crack. The crack in the slope is shown in the area marked with a yellow ellipse in Figure 7 , with a length ranging between 300 mm and 600 mm and a width ranging between 1 mm and 3 mm. With the same slope ratio, the failure loads of the tops of the slope with no support, the slope without reinforcement supported by a 370 mm wide geobag retaining wall, and the slope supported by a 570 mm wide geobag retaining wall were found to be 24 kPa, 45 kPa, and 54 kPa, respectively, when the slope soil suffered a failure due to a penetrating crack.
The relationship between the uniform load applied to the slope top and the settlement of the slope top in cases Q1, Q2, and Q3 from the beginning of loading to the end of loading when the slope soil suffered a failure is shown in Figure 8 . Compared to the top of the slope without reinforcement, the tops of the slopes supported by a geobag retaining wall had a much larger failure load and underwent a much smaller amount of settlement under the same load. The wider the geobag retaining wall was, the larger ultimate load the slope top could bear.
Analysis of Horizontal Wall (Slope) Displacements.
The horizontal displacements of the slope without reinforcement were distributed over the slope height as shown in Figure 9 . The horizontal displacements of the slope without reinforcement from the bottom to the top of the slope first increased and then decreased. The horizontal displacements of the A retaining wall constructed from geobags is different from a rigid gravity retaining wall which moves as a whole under the action of a lateral earth pressure. Because the geobag retaining wall is flexible, the geobags in the upper part of the retaining wall deform as the earth pressure on the wall increases, and the horizontal displacements of the wall increase gradually as the earth pressure on the wall develops. Due to the relatively large weight of the geobags in the upper part of the retaining wall, the geobags in the lower part of the retaining wall produce a greater strength, smaller flexible deformation, and smaller horizontal displacement when constrained by the bottom of the slope, from the top to the bottom of the retaining wall.
Therefore, the horizontal displacements of the retaining walls constructed from geobags were distributed in a drum shape, namely, first increased and then decreased from the bottom to the top of the wall. The greatest horizontal displacements occurred about 1/3∼1/2 of the wall height away from the bottom of the wall. The wider the retaining walls constructed from geobags were, the smaller the horizontal displacements of the same wall height were.
Analysis of Earth Pressures on the Retaining Walls.
The earth pressures on the retaining walls were distributed from the bottom to the top of the wall as shown in Figure 12 . The earth pressures on the retaining walls constructed from geobags filled with construction waste were distributed not in a triangular shape but in a drum shape. The measured and calculated values of the earth pressures were distributed linearly over the upper 2/3 of the wall height with insignificant differences. However, the earth pressures showed a turn at 1/3 of the wall height. As a result, the greatest earth pressures occurred not at the bottom of the wall but at about 1/3 of the wall height (Figure 12) .
The ultimate loads that the slope tops could bear and the greatest horizontal wall displacements under the same load in various cases were summarized in Table 4 in order to better compare the load bearing characteristics of the slopes in various cases. The greatest horizontal wall displacements under a uniform load of 24 kPa, which was the ultimate load that the slope top in case Q1 could bear, were compared. The ultimate loads that the slope tops in cases Q2 and Q3 could bear were 87.5% and 125%, respectively, higher than that of the slope top in case Q1 could bear. The greatest horizontal wall displacements in cases Q2 and Q3 were 75.2% and 79.4%, respectively, lower than that in case Q1 under the same uniform load of 24 kPa.
Analysis of Slope Deformation in Different Cases with a
Retaining Wall Width of 370 mm. The slope top settlements and the distribution characteristics of the horizontal wall displacements and earth pressures on the retaining walls in cases Q2, Q4, and Q5 were compared. Figure 13 shows the crack distributions in the slopes with different slope ratios (the crack distribution in the slope in case Q2 is shown in Figure 7(b) ) when the uniform load applied to the slope tops reached the ultimate load, as marked with a yellow ellipse. The cracks in the slopes were found to range between 300 mm and 1000 mm in length and 1 mm and 4 mm in width. Figure 14 shows the relationship between the uniform load applied to the slope tops and their settlement from the beginning of loading to the finish of loading when the slopes suffered a failure. The failure loads of the tops of the slopes with slope ratios of 1 : 0.25, 1 : 0.5, and 1 : 0.75 supported by the retaining walls constructed from geobags and having the same width were 36 kPa, 45 kPa, and 51 kPa, respectively, when the slopes suffered a failure due to a penetrating crack in the slope soil. Compared to the top of the slope supported by a retaining wall, the top of the slope with a smaller slope ratio supported by a retaining wall with the same width had a higher failure load. The top of the slope with a greater slope ratio underwent a larger amount of vertical settlement when the same load was applied to the slope tops.
Analysis of Slope Top Settlements.
Analysis of Horizontal Wall Displacements.
The horizontal wall displacements were distributed over the wall height as shown in Figures 15 and 16 . The wall supporting a steeper slope produced a greater vertical displacement at the same height away from the bottom of the wall when the same load was applied to the slope tops. The greatest horizontal wall displacements occurred 1/3∼1/2 of the wall height away from the bottom of the wall.
Analysis of Earth Pressures on the Retaining Walls.
The earth pressures on the retaining walls in cases Q2, Q4, and Q5 were distributed over the wall height as shown in Figure 17 . The earth pressures on the retaining walls constructed from geobags filled with construction waste first increased to their maximum and then decreased gradually from the bottom to the top of the wall, with their smallest values occurring at the tops of the retaining walls, and decreased as the slope ratio increased.
The ultimate loads that the slope tops could bear and the greatest horizontal wall displacements under the same load in various cases were summarized in Table 5 in order to better compare the load bearing characteristics of the slopes in various cases. The greatest horizontal wall displacements under a load of 36 kPa, which was the ultimate load that the slope top in case Q4 could bear, were compared.
The ultimate loads that the slope tops in cases Q2 and Q5 could bear were 25% and 125%, respectively, higher than that of the slope top in case Q4 could bear. The greatest horizontal wall displacements in cases Q2 and Q5 were 45.3% and 49.7%, respectively, lower than that in case Q4 when the same load of 36 kPa was applied to the slope tops. 
Analysis of Failure Modes.
The crack distributions in the slopes in the five cases shown in Figures 7 and 13 were recorded, and the slip surfaces formed by the through cracks were drawn in Figure 18 in order to study the failure modes of the soil behind the retaining walls.
Failure of the Slope without Reinforcements.
As shown in Figure 18 (a), the slope with no support suffered a local failure near the slope shoulder with an arc-shaped slip surface (as shown in Figure 7 ), which belonged to sliding. The front edge of the slip face was 1305 mm away from the bottom of the wall.
Failures of the Slopes Supported by the Retaining Walls
Constructed from Geobags. According to Figure 18 , the slip surfaces of the failures of the soil behind the retaining walls constructed from geobags showed different modes.
In Figure 18 (c), the slip surface of the soil behind the retaining wall in case Q2 formed an arc-broken-line shape, with its front edge 573 mm away from the bottom of the wall. In Figure 18(d) , the slip surface of the soil behind the retaining wall in case Q3 formed an arc-broken-line shape, with its front edge 526 mm away from the bottom of the wall. The failures of the soil in cases Q2 and Q3 were displayed as sliding and toppling and dominated by sliding.
In Figure 18 (e), the slip surface of the soil behind the retaining wall in case Q4 formed a broken-line shape, with its front edge 634 mm away from the bottom of the wall, and the failure of the soil was displayed as toppling and sliding and dominated by toppling.
The slip surfaces of the slope soil in various cases were similar in that their front edges were all located 1/3∼1/2 of the wall height away from the bottom of the wall, though at different heights.
The soil at the front edge of the slip surfaces had the strongest trend to slide forward, produced the greatest horizontal displacement, and applied the greatest force to the retaining wall. The front edges of the slip surfaces were all located about 1/3 of the wall height away from the bottom of the wall. This explained why the greatest horizontal displacements in the various cases all occurred about 1/3∼1/2 of the wall height away from the bottom of the wall as reflected by Figures 10, 11, 15 , and 16 and why the greatest earth pressures in the various cases occurred near this location as reflected by Figures 12 and 17 .
Therefore, the range of about 1/3∼1/2 of the wall height away from the bottom of the wall is the weak part of retaining walls constructed from geobags filled with construction waste which should be reinforced during the process of design and construction.
Conclusions
In this paper, model tests on the retaining walls constructed from geobags filled with construction waste were conducted, and the results suggest the following conclusions can be drawn:
(1) The ultimate loads that the slope tops in cases Q2 and Q3 could bear were 87.5%∼125% higher than that of the slope top in case Q1. The greatest horizontal wall displacements in cases Q2 and Q3 were 75.2%∼79.4% lower than that in case Q1 under the same load of 24 kPa, and the retaining walls constructed from geobags filled with construction waste were found to provide significant supporting effects to the slopes.
(2) The ultimate loads that the slope tops in cases Q2 and Q5 could bear were 25%∼125% higher than that of the slope top in case Q4. The greatest horizontal wall displacements in cases Q2 and Q5 were 45.3%∼49.7% lower than that in case Q4 under the same load of 36 kPa.
(3) The horizontal displacements of the retaining walls constructed from geobags were distributed in a drum shape, with the greatest horizontal displacement occurring about 1/3∼1/2 of the wall height away from the bottom of the wall. The earth pressures on the retaining walls constructed from geobags filled with construction waste were distributed nonlinearly, with the greatest earth pressures occurring about 1/3 of the wall height away from the bottom of the wall.
(4) As the slope ratio increased, the failure of the slope soil supported by the geobag retaining wall filled with construction waste changed from sliding to sliding toppling (dominated by sliding) and then to toppling sliding (dominated by toppling). The slip surfaces of the soil supported by the retaining wall changed from an arch shape to a broken-line shape, and their front edges were all located about 1/3∼1/2 of wall height away from the bottom.
(5) The range of about 1/3∼1/2 of the wall height away from the bottom of the wall is the weak part of retaining walls constructed from geobags filled with construction which should be reinforced during the process of design and construction.
